Radiotherapy planning, delivery and junction dose verification remain exigent for Cranio Spinal Irradiation (CSI) in medulloblastoma patients. This study aims to evaluate high precision techniques such as Intensity Modulated Radiation Therapy (IMRT), Rapid Arc Therapy (RA) with and without flattening filter (FF) on the basis of dosimetric analysis. Five patients treated with jagged junction Intensity Modulated RadioTherapy (IMRT) using dynamic Multi Leaf Collimators (MLC) were randomly selected for this retrospective study. IMRT, Rapid Arc (RA) plans were simulated in the same CT data set with and without flattening filter. Total dose prescribed was 28.80 Gy in 16 fractions. An evaluation criterion of 98% of PTV receiving 100% of the prescription dose was followed in all plans. Twenty treatment plans with 260 Dose Volume Histograms (DVHs) was created. Dosimetric parameters such as D max , D min , D mean , V 95% , V 107% , CI for PTV and D max , D mean , V 80% , V 50% , V 30% , V 10% for Organs At Risk (OAR) were extracted from DVHs. Treatment delivery efficiency was also evaluated for total Beam On Time (BOT). FFF Rapid Arc therapy (6F_RA) resulted in conformal doses throughout the cranio spinal axis. FF and FFF dynamic IMRT had minimal V 107% , 1.23% and 2.88% compared to 49.15 and 66.36 of rapid arc therapy (with and without FF). 6F_IMRT resulted in lesser mean doses to eyes, liver, lungs and kidneys. Heart mean dose was less (3.08 Gy) with 6X_IMRT. Thyroid and esophagus doses could be reduced to about 41.2% and 10% respectively with 6F_RA. The BOT for the treatment techniques were 3.43 min (6X_IMRT), 1.59 min (6F_IMRT), 5min (6X_RA), 4.5 min (6F_RA). Removal of flattening filter in IMRT could improve dose coverage along the caniospinal axis and normal tissue sparing. A reduction of 46.3% BOT could increase treatment efficiency of 6F_IMRT compared to 6X_IMRT.
Introduction
Medulloblastoma is a fast growing tumor of the cerebellum (posterior fossa), that controls stability, posture and complex motor functions such as verbal communication and swallowing.
About 400 new patients, primarily children were diagnosed in the US every year, slightly more often in males than females (1) . It is the most common brain Technology in Cancer Research & Treatment 2014 March 17. Epub ahead of print tumor in children aged four and younger, and the second most common brain tumor in children aged 5-14 years (2) . Subsequent to surgery, Medulloblastoma is usually treated with CSI. Although radiation therapy had proven successful, investigators are still looking for new ways to mitigate the potential side effects of this treatment. Treatment related late complications are usually hearing disability, declined cognition, cardiomyopathy, cataract formation, retarded growth, endocrine dysfunction and second malignancies. Clinicians consider using techniques such as IMRT and RA that aim converged beams of radiation directly at the tumor eventually improving the long term complications free survival. However, radiotherapy planning, delivery and junction dose verification remain exigent for Cranio Spinal Irradiation (CSI) in medulloblastoma patients. Hence investigating the emerging new radiotherapy techniques such as FFF in IMRT and RA on the basis of dose volume parameters were encouraged to reduce the normal tissue complications (3).
Conventional two dimensional planning for CSI involved field shaping using bony landmarks in X-ray radiographs, later it evolved into CT simulation techniques (4, 5) . The matching of cranial and spinal fields still pose a problem in adult patients with larger spinal lengths since it usually exceeds allowable maximum field size. Helical tomotherapy allows treatment to large cylindrical volumes (40 3 160 cm 2 ) that was compromised with the longer beam on time. It raises concerns about intra fraction motion and whole-body integral doses (5) . Geometrical field matching was generally followed in such techniques without computing any dose volume data for the tumor and normal tissues. Modified treatment planning methods were adapted to get better tumor coverage, dose homogeneity and conformity. The practicability of conventional linear accelerator (LA)-IMRT for CSI in children had been reported by Parker et al. (6) . When the flattening filter was removed from the linear accelerators head, a marked increase in dose rate, up to 1400 MU/min for 6MV, and 2400 MU/min for 10 MV beams is possible. The higher dose rate could make treatment delivery more accurate, by giving the patient less time to move between setup and treatment completion. This might be particularly helpful in cranio-spinal irradiation, where the tissues are far more mobile than in the cranium.
To our knowledge there is no dosimetric comparison between Flattened and Un_flattened photon beams for CSI using conventional Linear Accelerator. Aim of this study is to dosimetrically compare IMRT with dynamic segments (6X_IMRT), Rapid arc therapy (6X_RA) with flattening filter free IMRT (6F_IMRT) and Rapid arc therapy (6F_RA).
Methods and Materials
Patients were CT scanned from the vertex to coccyx in prone position using immobilization device (Orfit Industries n.v., Belgium) on multislice CT scanner (GE Healthcare, USA). Axial images of 3 mm slice thickness were exported to MIMvista contouring station (MIM software Inc, USA) where the target volumes (PTV_Brain, PTV_Spine) and normal structures were delineated by Radiation Oncologists as per the recommended guidelines (7) . PTV_Spine included the entire spinal canal, including cerebrospinal extension to spinal ganglia. OARs such as eyes, thyroid, heart, lungs, esophagus, liver and kidney were outlined in the axial CT sections. Treatment planning was performed in Eclipse (Version 11.0; Varian Associates, Palo Alto, CA) Treatment Planning System (TPS). It is configured for True beam Millennium 120 multileaf collimator (MLC). The range of patients' spine length varied from 28.5 cm to 43.75 cm (Median Length: 33.4 cm). A maximum field size of 40 3 40 cm 2 can be possible with the 120 Millennium MLC. Anisotropic Analytic Algorithm was the dose calculation algorithm used for inverse optimization. We used the CT Data set of five randomly selected Medulloblastoma patients (Median age-10 yrs), previously treated with dynamic IMRT for this retrospective study. 6F_IMRT, 6X_RA and 6F_RA were iterated that resulted in four plans for each patient. The total dose prescribed was 28.80 Gy in 16 fractions with 1.8 Gy per fraction. An evaluation criterion of 98% of the PTV receiving 100% of the prescription dose and 107% maximum dose was followed as per our Institution protocol. Normal tissue sparing was considered as important as the tumor coverage.
The sagittal view of the IMRT and RA beam arrangement is shown in Figure 1 .
Intensity Modulated Radiation Therapy (IMRT) Planning
IMRT confines the radiation dose more precisely to target alone. This is achieved by modulating or controlling the radiation beam intensity in multiple beamlets. It also allows higher radiation doses to be focused to regions within the tumor while minimizing the dose to surrounding OARs. IMRT delivery methods using conventional MLC's can be realized in two ways. 1) "Step-and-shoot" static IMRT using multiple MLC shapes and 2) Dynamic IMRT with fixed gantry and moving MLC leaves. For CSI, jagged junction or intensity feathering technique was used to plan IMRT and RA. In this technique, 6 MV photon beams with same optimization can be iterated (PTV) with multiple isocenters. Thus, summing up of two or three plans was not needed.
The junction evaluation can be avoided that could be a tedious process involving suitable collimator angles to match dose gradients from the adjacent field. Since there was no beam matching involved, this treatment technique is less likely to produce hot or cold spots at the junction, compared to conventional techniques. Except for one tallest patient, all other cases were planned with two isocenters and 8 gantry angles. The crano-spinal target was split into two regions with separate isocenters (one in cranial region and another in spine region) and it was planned with 4 beam portals for each isocentre (Figure 1 ). Beam geometry consisted of four coplanar fields for the cranial target with the gantry angles of 2258, 1158, 3108 and 508 and spine target with gantry angles of 208, 508, 3408 and 3108. The tallest patient who required additional isocenter in spinal target region, the gantry angles of 08, 308, and 608 were used. Default smoothing values were used for optimization in all patients.
Rapid Arc Therapy (RA)
RA optimization was performed with the version 11.0 from Eclipse (Varian, Palo Alto, CA). The maximum dose rate (DR) of 600 MU/min for 6X_RA and DR of 1600 MU/Min for 6F_RpidArc was selected. All plans were done with 2 isocenters and 2 full arcs (1798-1818) for each isocentre ( Figure  1 ). These two arcs were delivered in opposite rotation (clock and counter-clock wise). Collimator was set to rotate to a value other than zero in order to avoid tongue and groove effect. The Anisotropic Analytical Algorithm (AAA, version 11.00) was the dose calculation algorithm used.
Dose-volume Analysis
Target coverage was quantified with the Conformity Index (CI) based on International Commission of Radiation Units Report: 50 (ICRU 50) using the following formula. 
Results
The dosimetric data for 5 patients treated retrospectively with IMRT were taken for the study with high precession techniques such as 6X_IMRT, 6F_IMRT, 6X_RA and 6F_RA and the results obtained were presented. Figure 2 shows the typical sagital dose distribution resulted from high precession techniques such as 6X_IMRT, 6F_IMRT, 6X_RA and 6F_RA.
Dosimetric parameters related to target coverage (CI), D max , D mean , D 2% , D 98% , V 95% resulting from the four techniques were presented in Table I .
The D max , D mean , D min% , D 98% , V 95% values resulted in each method were similar in all techniques. The mean dose (D mean ) statistics for OARs were given in Table II .
Mean doses reduced for 6F_IMRT when compared to the standard treatment with 6X_IMRT (D mean for Eyes, Lungs, Liver and Kidneys were reduced by 5.6%, 4.7%, 3.1%, 7.1% and 10.1% respectively when compared with 6X_IMRT). All the four high precision techniques resulted in similar V 80% for all the OARs. About 20% increase in V 50% for eyes was noted with RA therapy (both 6X_RA and 6F_RA) compared to IMRT (6X_IMRT and 6F_IMRT). V 30% volumes were reduced in all OARs taken for study except thyroid and esophagus with 6F_IMRT. 6X_IMRT and 6F_IMRT reduces the V 10% volumes in the OARs especially in heart (20% reduction), lungs (40% reduction), liver (64.9% reduction), kidneys (62.5% reduction) compared to Rapid Arc therapy as shown in Figure 3 . Table III. FFF beams (11) . The main advantage was a considerable reduction of beam on time, relevant for SBRT techniques (11) . In our study, the treatment delivery efficiency is quantified by lesser BOT. The 6F_IMRT technique resulted in less BOT compared with RA techniques (may be due to the restriction in gantry and MLC speed with RA techniques). The 6F_IMRT had lesser beam on time for CSI thereby improves the efficiency of therapy by minimizing patient movement and intra fraction variation errors in treatment set up. A 46.3% of treatment time reduction was observed in this study using 6F_IMRT compared to 6X_IMRT. The beam on time in Tomotherapy reported in publications is approximately 31 min (12) . Tomotherapy treatment times are significantly longer which must be taken into account for the patient's comfort as well as patient movement during the treatment in comparison with linear accelerator.
Lohse et al. have demonstrated that irradiation of glioblastoma cell lines using the FFF beam is more efficient in reducing clonogenic cell survival than the standard flattened beam (13) . The 6F_IMRT therapy used for CSI in our study could improve tumor control in pediatric patients.
Conclusion
FFF beams improves the efficiency of CSI radiotherapy when compared with FF treatments with advantage of lesser beam on time. Using FFF beams in IMRT for CSI had marginal dosimetric advantages in target coverage and OAR sparing when compared with other high precision FF techniques. In addition, high precision techniques with IMRT and Rapidarc using FF and FFF evade the concern over junction doses due to minimal set up errors. Hence the use of FFF beams is feasible and could be effectively used in CSI.
Discussions
Alongi et al. reported that the abdominal and pelvic lymph nodes treated with SBRT VMAT using FFF beams resulted in excellent dosimetrical and acute toxicity results (9) . Preliminary clinical results showed a high rate of local control in irradiated lesion (9) . IMRT delivery in unflattened mode removes an unwanted and unnecessary scatter from the treatment head and lowers leakage doses by up to 70%, thereby reducing the risk of radiation-induced second cancers (10) .
In our study, target coverage for CSI is found to be better with 6F_IMRT compared to other techniques. Eye doses were within the tolerance doses with IMRT and RA therapy as specified in RTOG 0225. Rapid arc therapy spares thyroid glands at the cost of increasing eye doses (V 30% ). V 80% was similar in all the techniques for eyes and other normal structures.
Lesser amount of V 10% could be possible with 6F_ IMRT for all OARs. Thus, the probability of secondary malignancies might reduce to greater extent. OARs receiving 50% and 30% of the prescribed dose was also lesser with 6F_IMRT.
IMRT planned with jagged junction/Intensity feathering technique improves treatment delivery due to the avoidance of junction fields. It avoids the use of junctions between two fields in IMRT planning. It could make the treatment planning and patient set up simpler for CSI. Thus, weeklong radiotherapy procedure becomes more reproducible avoiding the set up uncertainties.
Reggiori et al. reported that RapidArc plans optimized using FFF were dosimetrically equivalent to those optimized using FF beams, showing the feasibility of SBRT treatments with 
